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MECHANISM OF MAGMA MIXING AT GLASS MOUNTAIN,
MEDICINE IAKE HIGHLAND VOLCA:IO, CALIFORNIA

by

John C. Eichelberger
Geosciences Division

University of California
Los Alamos Scientif~c Laboratory

Los Alamos, NM 87545

Abstract

Mixing of basaltic and rhyolitic magmas at Glass

have been driven by vesiculation of basaltic magna as

litic magma chamber. Rapid cooling of basaltic magma

which floated and became concentrated at the roof of

Mountain appears to

it intruded a rhyo-

fonned a mafic foam

the chamber. Foam-

rich lava merged first during the eruption, and became the hybrid dacite

of the distal end of the flow. The chamber is probably a relatively large

volume, long-lived feature, lying within 10 km of the surface beneath the

caldera.

This mechan’sm of mixing between silicic magma stored in a crustal

chamber and basaltic maqna feeding the chamber is controlled by initial

water content of basaltic magma, and implies that dry basaltic magma would

ranain at the base of the chamber. The eastward cha~ge from andesitic to

bimodal volcanism

eastward decrease

Introduction

in this portion of the Cascade Range may be due to an

in water content of parental basaltic magnas.

The largest and most imposing product of Holocene activity at the Medi-

cine Lake Highland Volcano is the Glass Mountain lava flow. The most per-

plexing feature of this flow is its lithologic variety. The 1 km3 of lava

which comprises the flow ranges from dull, stony, porphyritic dacite

charged with fine-grained mafic xenoliths to shiny, black, phenocryst-free
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and xenolith-free obsidian. The range in silica content is from66 wt.% to

73 wt.%.

Anderson (1933) described the geologic setting and general petrologic

features of the Glass Mountain flow. Additional data on its age and his-

tory were provided by Finch (1928), Anderson (1941), Chesterman (1955), and

Friedman (1968). More recently, Condie and Hayslip (1974) presented geo-

chemical data for young Highland lavas including Glass Mountain, and I

(Eichelberger, 1975) studied the compositional zonation of the flow as a

means for understanding relationships among magmas of the basalt-andesite-

dacite-rhyolite family. Mapping and sampling of lava streams within the

flow revealed that the eruption was continuous and, in general, proceeded

frcxn hcnnogeneous dacite through highly heterogeneous banded rhyodacite to

rhyolite. This suggested a ccinpositional zonation of the parent magma body

in which dacitic magna graded downward to rhyolitic magma. Electron micro-

analysis of phases within the dacite indicated that nl~st of the pheno-

crysts, An75 plagicclase, F080 olivinc, and Wo41En43Fs16 augite, were

derived from disaggregation of the crystal-rich basaltic xenolitns. The

dark dacitic bands of the heterogeneous

debris from disintegrating xenoliths.

the dacite into which the rhyodacite

rhyodacite are streams or basaltic

This process was more zdvanced in

grades, yielding a megascopically

homogeneous (except for residual xenoliths) intermediate magma. Since this

hybrid magna was concentrated at the top of the chamber, and since the

Highland shield through which the magma passed contains a high proportion

of mafic lavas and cinder cones, it was concluded that mafic material had

sloughed off the roof of the magma chamber and contaminated the top of the

magna body. However, in subsequent stud

frmn other Cascade volcanoes, I found

es of lavas of similar composition

similar xenoliths and recognized
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evidence that the xenoliths were liquid when they came in corltact with

silicic magma (Eichelberger, 1978). This evidence includes:

1. Rounded shape of xenoliths.

2. Texture indicating rapid crystallization to just above solidus.

3. incorporation of phenocrysts from the host silicic magma in ricds

on the outer portions of some large xenoliths.

4. Outward decrease in grain size in sane large xenoliths.

5. Reaction or resorption of phenocrysts in the host lavh indicating

heating of the silicic magna during mixing.

Although the parental rhyolitic magma of Glass Mountain lacked any pneno-

crysts to record a thermal event associated with mixing, significant crys-

tallization should have occurred if cool rock had been stirred into the

cnamber. This suggested that mixing at Glass Mountain might h~ve invoived

?.WOmagmas rather than magma and rock, and that a reevaluation of the data

was in order.

The arrai;gment

a caldera structure

of vents on the Highland, silicic vents associated with

and flanked by nunerous mafic vents (Figure 2), raises

the possibility that mafic magma is supplying a shallow silicic chamber

(Figure 3). However, such a mechanism would introduce mafic magma to the

base of the chamber and would seem to produce a ccmposition?l zonation

oppo:ite to that observed in the Glass lMountain flow. Discovery of evi-

dence that mixing occurs by flotation of basaltic foam in silicic c~lambers

(Eichelberger, 1979) appears to have solved this problem and provides a

basis for understanding compositional zonation at Glass M~untain.

Vapor Exsolution durinq Mixing

Mixing of large batches of magma requires flow on a large scale within

a magna chamber. A likely mechanism of large scale flow and stirring is
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convection. Introduction of mafic magna into the base of a chamber would

strongly heat silicic magma in the lower portion of the chamber and should

induce convection (Rice and Eichelberger, i976; Sparks and others, 1977).

But because the density of basalt is high, any mixing of heated silicic

magna with basaltic material would Inhibit convection. For exampl?, the

density decrease due to heating silicic magma by 100”C could be offset by

addition of only 2 volune percent b saltic material. Of course, if the

basaltic material were less dense than the silicic magma, heating of sili-

cic magna and mixing with basaltic material would both decrease density of

magma in the lwer portion of the chamber, resulting in strong upward floti.

Despite the high density of phases crystallized by basaltic magmas and

present in abundance in the basaltic xenoliths contained in andesitic and

dacitic lavas, it appears that these xenolit~s are in fact less dense than

the lavas in which they occur. The reason for this apparent contradiction

is that the xenoliths invariably contain abundant, fine, round, unifomly

distributed vesicles. Although vesiculation can occur at very shallow

depth during eruption, these vesicles may be of deep, primary origin. As

stated before, the texture of the xenoliths suggests rapid crystallization

of basaltic melt in contact with cooler silicic magma. Heat can be ex-

tracted from such a melt several orders of magnitude faster than water

(Shaw, 1974) so that the basalt behaves nearly as a closed system with

respect to water. Under such circumstances, a vapor phase would exsolve

under

within

crysta’

at the

ow to moderate crustal pressures because water is contained entirely

the melt phase of the system and the melt fraction decreases with

lization from almost 1.0 to about 0.1. The result is a foam layer

base of the silicic magma body which can float and mix. Flotation

of the foam would expose fresh mafic magma to cool silicic magma, so that
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the process of foam formation wuld continue, Photcmicrographs showing the

Glass Mountain xenoliths to be a crystal-rich foam are presented in Figure

4.

Density Measurements at Glass Mountain

To test the hypothesis that mixing is driven by vapor exsolution,

samples of Glass Mountain lava and xenoliths were collected for density

measurements. Several pairs of lava and xenolith samples were collected

frcm site< (Figure 1) near the vent, middle, and distal end of the longest

lava stream, representing “rhyol

transition to rhyodacite, and the

pectively (Eichelberger, 1975).

ite with inclusions,” dacite near the

most mafic dacite lava of the flow, res-

Eensity was determined by measuring dry

and sutnnerged weight of samples which ranged in size from 300 g to 600 g.

Results are given in Table 1. ‘;beobsidian near the vent has no porosity

and a very narrow range of density (smaller than analytical error), 2.38 ~

0.0! g/cm3. Dacite from midway down the stream is 2.49 g/cm3. Dacite frcm

the distal end is 2.55 g/cm3, reflecting its more mafic and crystal-rich

character. Bulk density of the xenoliths fall in a surprisingly narrow

range, 2.15 ~ 0.04 g/cm3. This density appears little affected by the

vesicularity of the host lava, since a xenolith in a pumiceous (1.49 g/cm3)

sample has a density of 2.10 g/Cm3. In order to determine the mass density

of Yenol

troy the

1 pm to

grinding

th material, xenolith samples were ground to a fine sand to

vesicles. Grain size of th~ sand averaged 100 urnand rangd

400 um. Examination of polisheu grain mounts revealed

opened at least 99% of the pores. The sand was then weighed dry

des-

from

that

and submergd. The submerged measurement was made after the sample was

subjected t~ a vaclium for 20 minutes, and water added under vacuum. The

resulting density of 2.79 ~ 0.01 g/cm3 wds expected for this predominantly
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plagioclase and pyroxene material. Using the average values for bulk and

mass tensity gives a porosity of 23%. Thus the xenolithic material is much

denser than the lava, but because of high porosity, the xenoliths would

have floated in the magra chamber. This explains why the most xeno.

lith-rich lava emerged first.

Conditions of Mi~ing

In view of the evidence that the xenoliths floated, and because den-

sities as a function of pressure and temperature of

?;~ known or approximately known, constraints can be

the magna chamber (Fig. 5). Following definitions

(1979), OB and QX are the mass and bulk densities

liths, so that OX = ~B (l-XV) + ~VxV3 where PV and

the materials involved

placed on the depth of

given by Eichelberger

of the basaltic xeno-

Xv are the density and

volmne fraction of the vapor phase, respectively. Bulk density of the foam

(Px) versus pressure was calculated at T = 900°C for bulk water content in

basaltic magma of 1%, 3%, and 5%, by weight, using the following assump-

tions:

10 The vapor phase is water.

2. The xenolithic material (exclusive of vapor) is 10% melt and 90%

crystals.

i. The xenolithic material is inccnnpressible. In fact, the melt

becanes less dense with increasing pressure because more water is

retained and plagioclase and pyroxene ccnnpress, but the effects

are small, opposite and nearly equal.

The measured value of ~B WdS used, correcting for thermal expansion of

plagioclase and pyroxene (Skinner, 1966). Data of Burnham and Jahns (1962)

were used for volubility of water in melt, and data of Burnham and others

(1969) were used t’~rdensity of the vapor phase (pv). The resu!l:ingcurves
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show the density of the foam

and water content of basaltic

for constant porosity of foam

Density of magma in the

formed during mixing at a specified pressure

magma. Portions of PX versus pressure curves

are also shown.

chamber before

:Ievated temperature and pressure by assuning

behave in a manner similar to glass and meit

mixing can be

that rhyol itic

in the system

esLimated for

glass and melt

albite + water

(Burnham and Davis, 1971). The petrologic data indicate that magna in the

chamber’ was entirely rhyolite melt. Hence the density measurements for

rhyolite obsidian were used. Water content strongly affects both thermal

expansion and compressibility of rhyolite glass and melt. Available analy-

ses give water contents of Glass Mountain obsidian of a few tenths of a

percent

culated

strains

(Anderson, 1941).

forO and 1 wt.%

xenolith density

ThereFore, pR versus pressure at 900°C was cal-

water. Knowledge that the xenoliths floated con-

to those portions of the DX curves left (lower

density) of the dry PR curve. Estimates of water content for high alunina

basaltic magma of the type involv~~ in mixing range upward to 5 wt.%

(Anderson, 1974; Rose and others, 1978) . This constrains pressure to a

region above (lower pressure) the 5 wt.% water DX curve. Since the xeno-

liths have most likely experienced continuously decreasing pressure since

formation, it is unlikely that they ever possessed higher than their pres-

ent (surface) porosity (XV),

(higher density) of the XV

shadd region

3 wt.% water,

eruptions are

in Figure 5.

which constrains xenolith density to the r’

= 0.23 curve. These constraints bound

If we knew that the basalt initially conta

ghc

(he

ned

which is probably more reasonable since Medicine Lake basalt

much less gaseous than the Fuego eruptions for which the 5

wt.% water estimate was made, then the possible reg:on would be a small

triangle bounded below by the pX curve for 3 wt.% H20, to the right by t$e
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appropriate OR curve, and above by a horizontal 1ine extending from the

intersection of the Ox curves for 3 wt.%H20 and 23% porosity (foam with X
*

o = 0.03 above this llne would have Xv >0.23). Regrettably, water content

of basaltic magma is a major unknown, but it seems likely from these con-

siderations that the Glass Mountain magra chamber lies within 15 km and

probably within 10 km of the surface.

A possible path of ascending basaltic magma is shown as arrows in

Figure 5, assunin9 XH20 = [.03 for basalt and XH20 = O to 0.01 for rhyo-

1ite. The basalt ascends through the crust, slowly becoming less dense as

indicated by the steep path from 10 kb to 2 kb. Densitiec along this path

were calculated using average Fkdicine Lake basalt (Anderson, 1941) and the

model

vapor

magna

phase,

of Bottinga and Weill (1970). Note that at 2 kb the magna is still

unders~turated. However, at this depth it enters the Glass Wuntain

chamber, undergoes rapid crystallization while exsolving a vapor

and forms a foam with PB = 2.74 g/cm3, Xv ~0.17, and Ox 42.34 g/cm3.

If this foam renained rigid but leaked after formation it would follow a

constant porosity curve to the surface. If it maintained an equilibrium

pore pressure and did not leak, it would follcw a constant water curve and

blow up during ascerlt. The path s!~own is intermediate: some leakage and

sune expansion to the observed XV ❑ 0.23.

probably did leak, since most xenoliths

lava/xenolith interface, as shown in Figure

work, energy for which is supplied largely

The Glass Mountain xenoliths

have a large vesicle at the

4. Inflation of the foam does

by crystallization. At 2 kb,

energ~ available from crystallization is nearly two orders cf magnitude

greater than energy required for inflatioil.
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The Glass Mountain Eruption

Important implications of this discussion for Glass Mountain are that

basalt floated in the magna chamber and that the chamber lies at shallow

depth. A probable reconstruction of th~ eruption sequence is shown in

Figure 6. Basaltic magna intruded the chamber and fonrled a foam which

floated and mixed (in a mechanical sense) with magma in the chamber. The

subsequent eruption first tapped the hybrid which was concentrated at the

top of the chamber. Evidence that vapor exsolution occurred within the

chamber suggests that mixing triggered the eruption. Assunfng that 0.2 km3

of the flow is a 1:3 mixture of basalt and rhyolite, then the volume of

vapor exsolved within the chamber was 0.01 km3. Sane of this almost cer-

tainly leaked frmn the foam and dissolved in the strongly water under-

saturated rhyolite melt. Nevertheless, a rapid volune increase within the

chamber could most easily be accommodated by extrusion of materi?l from the

chamber.

in time,

south on

Thus, the mixing and eruption events were probably closely spaced

and may correlate with the extrusion of mafic magma 10 km to the

the flanks of the Highland at

Burnt Lava Flow. Similar rhyolite and

near Glass Mountain and elsewhere near

may be ,]roducts of repeated intrusion

High Hole ?rater and its associated

hybrid aacite have erupted before

the summit of the Highland. These

of mafic magma into a relatively

large, shallow, long-lived mama chamber beneath the caldera (Fig. 3).

This would account for the liquidus or superheated condition of some of

these lavas, ~s indicated by their lack of phenocrysts.

Another interesting consequence of this hypothesis is tnat mixing

between magna stored in a crustal chamber and mafic magna feeding the

chamber is controlled by the water content of the mafic magma. Thus ,

eruption products of magna chambers fed by wet mafic magma will tend to be

intermediate in composition, while volcanism resulting from dry mafic magma
9



will be bimodal. In th lattev case, mafic magna remains at the base of

the chamber without mixing. Anderson (1974) suggest - that Medicine Lake

basalts are dryer than those to the west of Mt. Shasta. This may account

for the bimodal character of volcanism east of the High Cascades, farther

fran the plate boundary and the source of water.
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TABLE 1. Densities of Glass

Sample Bulk Density~f
~ Xenolith(g/cm

1A 2.14

lB 2.13

lB 2.14

lC 2.20

lD 2.18

lE 2.10

2A 2.1.0

2B 2.23

SB 2.15

3B 2.13

3B 2.11

Averages 2.1530.04

Sample

lB

ID

2A

Average

Mountain Samples

Density of ~ost
lava(g/cm )

2.40

2.37

2.37

2.28”

2.39

1.49

2.49

2.49

2.25

2.42

2.55

2.39~0.01

2.49 .

2.55

Sample
Description

Rhyolite obsidian

11 II

11 II

II II

II 11

II Punice

Nonvesic~lar dacite

11 81

Vesicular dacite

11 11

Nonvesicular dacite

Rhyolite obsidian

Nonvesicular dacite,
site #2

Nonvesicular dacite,
site #3

Mass Density, Xerolith (q/cn13)

2.79

2.79

2,78

2.79 ~ 0.01 xv = 0.23
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FIGURE CAPTIONS

Figure 1. Map of Glass tlount~in sample locations and lithologic units.

Three digit numbers refer to samples discussed by Eichelberger (1975).

Single digit nunbers designate sample sites for density measu~sements dis-

cussed in this paper. Modified fran Eichelberger (1975).

Fiqure L. Map showing d

Highland.

Figure 3. A north-south

stributior of Holocene lavas of the Medcine Lake

cross section through the center of the Medicine

Lake Highland volcano (line of cross section shown in Figure 2), with major

features projected onto the profile. Vertical exaggeration of surface

topography is 2X. Silicic magna chamber is shown at depth discussed in

text and intermediate in size between the minimum case, a small body at

“intersectim of

possible extent

cone sheet caldera

marked by position

fractures (Heiken, 1978) and the maximum

of flanking mafic vents.
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Figure 4. Photomosaics of basaltic xenolith in banded rhyodacite lava from

Glass tiuntain. Views are reflected light (A), transmitted light (B), and

transmitted ligi]t with crossed polars (C). Bar length is 1.0 rmn. Note

abundant, 0.1 m-diameter vesicles in xenolith (A) and absence of vesicles

in most of the host lava, except for a large vesicle at the lower left edge

of the xenolith. Lava at the bottom is contaminated with basaltic material

and contains sane vesicles. In B, the xenolith is a dark round object with

pr(nninentwhite plagioclase crystals. Pyroxene is also a major phase, with

olivine, oxides, and glass p

associated with the xenolith

with basaltic

character of

crystals than

material shows

‘esen+ in lesser amounts. The Idrge vesicle

s an irregular white area. Lava contaminated

up as dark streaks. In C, the crystal-rich

the xenolith is apparent. Contaminated lava contains more

uncontaminated lava.

Density versus pressure (depth) for material~ frcm Glass Moun-

tain. ~X is bulk density of basaltic foam (xenoliths), ~R is density of

the reservoir magma, and ~B iS mass dtMSlty nf xenolithic material.

The possible region for the Glass Mountain magna chamber is shaded. Arrows

show path for ascending basaltic magma with 3 wt.% water. See text for

further discussion.

Figure 6. Probable eruption sequence at Glass Mountain. (l)Mafic magma

intrudes shallow rhyol itic magma chanlber and erupts nearby at H~gh Hole

Crater. (2) Vesicul ation of chilled mafic magma forms foam which floats

and mixes in chamber. (3) Vesiculation in chamber triggers eruption, which

first taps hybrid concentrated near roof of chamber. (4) Eruption con-

tinues with extrusion of rhyollte mapa.
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